Mesenchymal stem cells (MSCs) have immune modulatory properties. We investigated the potential therapeutic effects of human bone marrow (BM)-, adipose tissue (AD)-, and cord blood (CB)-derived MSCs in an experimental animal model of rheumatoid arthritis (RA) and explored the mechanism underlying immune modulation by MSCs. We evaluated the therapeutic effect of clinically available human BM-, AD-, and CB-derived MSCs in DBA/1 mice with collagen-induced arthritis (CIA). CIA mice were injected intraperitoneally with three types of MSCs. Treatment control animals were injected with 35 mg/kg methotrexate (MTX) twice weekly. Clinical activity in CIA mice, degree of inflammation, cytokine expression in the joint, serum cytokine levels, and regulatory T cells (Tregs) were evaluated. Mice treated with human BM-, AD-, and CB-MSCs showed significant improvement in clinical joint score, comparable to MTX-treated mice. Histologic examination showed greatly reduced joint inflammation and damage in MSC-treated mice compared with untreated mice. Microcomputed tomography also showed little joint damage in the MSC-treated group. MSCs significantly decreased serum interleukin (IL)-1b, tumor necrosis factor (TNF)-a, IL-6, and interferon-g and increased IL-10 and transforming growth factor-b levels. Tregs were increased in mice treated with MSCs compared to untreated or MTXtreated mice. Human BM-, AD-, and CB-MSCs significantly suppressed joint inflammation in CIA mice. The cells decreased proinflammatory cytokines and upregulated anti-inflammatory cytokines and induced Tregs. Therefore, our study suggests that the use of human BM-, AD-, and CB-MSCs could be an effective therapeutic approach for RA.
INTRODUCTION
Rheumatoid arthritis (RA) is a chronic inflammatory disease that primarily involves synovial joints. Uncontrolled active RA causes joint damage, disability, decreased quality of life, and cardiovascular and other comorbidities (35) . During the past decade, disease-modifying antirheumatic drugs and biologic agents have been introduced for the treatment of RA (31, 32, 39) . However, they have limitations, including incomplete treatment response, adverse effects requiring drug withdrawal, fall off in efficacy over time, high cost of biologic agents, and refractory cases (11, 19, 36) . Consequently, there is a need to establish safe and effective advanced therapeutic modalities for RA to overcome the shortcomings of current treatments.
Mesenchymal stem cells (MSCs) are multipotent progenitor cells that can differentiate into tissues of mesenchymal lineage, including bone, cartilage, and adipose tissue (13, 29) . Most studies of MSCs have focused on the regenerative properties of the cells; however, MSCs also have unique immunoregulatory properties (6, 22) . MSCs have potent immunoregulatory effects that might be mediated through direct cell-to-cell contact or secretion of soluble factors. The relative ease of harvesting MSCs and their stable phenotype in culture make the cells an attractive tool for cellular therapy in alloimmunity, autoimmunity, and inflammation (22) . This phenomenon has led to an increasing number of clinical trials, such as in graft-versus-host disease (21), Crohn's disease (8, 14) , and multiple sclerosis (9) .
With regard to RA, several studies have reported on the effects of allogenic or xenogenic MSC treatment in collagen-induced arthritis (CIA) mice, a representative animal model of RA (2, 17, 27) . However, the therapeutic effects of MSCs, which derive from three sources, bone marrow (BM), adipose tissue (AD), and cord blood (CB), and the specific mechanisms underlying their immune modulatory effects in models of CIA are not fully understood.
In this study, we investigated and compared the therapeutic efficacy of human BM-, AD-, and CB-derived MSCs in CIA. We determined the optimal cell dosages and injection frequencies for therapeutic efficacy and assessed time-and dose-dependent changes in the therapeutic response. Furthermore, to explore the mechanism underlying immune modulation by MSCs in CIA, we examined time-and dose-dependent changes in the levels of proinflammatory and anti-inflammatory cytokines and regulatory T cells (Tregs) after the MSC administration.
MATERIALS AND METHODS

Treatment Protocol for CIA
Treatment was begun after the onset of disease, when arthritis had become well established, approximately 3 weeks after the primary immunization, and clinical assessment was continued for the following 4 weeks.
The first part of the experiment was designed for the purpose of investigating and comparing the therapeutic efficacy of the three types of MSCs and exploring the mechanism of immune modulation by MSCs. Mice were injected with MSCs according to the two administration schedules. In the first schedule, CIA mice were injected intraperitoneally daily with 100 μl phosphate-buffered saline (PBS control, n = 5; Invitrogen, Carlsbad, CA, USA) or 100 μl PBS containing 1 × 10 6 BM-MSCs, AD-MSCs, or CB-MSCs for 5 consecutive days (total 5 × 10 6 cells, n = 5 per each group). In the second schedule, mice were injected intraperitoneally with 100 μl PBS containing 2.5 × 10 6 BM-MSCs, AD-MSCs, or CB-MSCs twice over a 3-day interval (total 5 × 10 6 cells, n = 5 per each group). To compare therapeutic efficacy, treatment control mice (n = 5) were injected intraperitoneally with 35 mg/kg methotrexate (MTX) twice weekly for 4 weeks.
The second part of the experiment was for the purpose of exploring the mechanism of immunomodulation by MSCs. We determined the optimal cell dosages for therapeutic efficacy and to assess time-dependent changes in therapeutic response. To investigate dose-dependent changes in therapeutic efficacy in CIA mice, human BM-MSCs (2.5 × 10 5 , 2.5 × 10 6 , or 2.5 × 10 7 ) were injected intraperitoneally twice over a 3-day interval (total 5 × 10 5 , 5 × 10 6 , or 5 × 10 7 cells, n = 5 per each group). To assess time-dependent changes in therapeutic responses, human BM-MSCs (2.5 × 10 6 ) were injected twice over a 3-day interval (total 5 × 10 6 , n = 20). Twenty mice were enrolled, and five mice were sacrificed according to the experimental schedule every week in order to elucidate the changes in levels of serum cytokines and Treg levels at each time point. Finally, all mice were sacrificed 28 days after final MSC injection. The serum, lymph nodes, spleen, and limbs of all animals were collected for analysis.
Induction of CIA
All procedures involving animals were carried out in accordance with the Laboratory Animals Welfare Act, the Guide for the Care and Use of Laboratory Animals, and the Guidelines and Policies for Rodent Experiments provided by the Institutional Animal Care and Use Committee of Yonsei University Health System, Seoul, Korea. Approval by our institutional review board was obtained (2010-0372-1, Yonsei University, College of Medicine, Seoul, Korea).
Male DBA/1J mice (8 weeks old; Central Lab Animal, Inc., Seoul, Korea) were injected intradermally at the base of the tail with 200 μg bovine type II collagen (CII; Chondrex, Redmond, WA, USA) and emulsified in Freund's complete adjuvant (1:1, v/v; Chondrex) containing 200 μg Mycobacterium tuberculosis H37Ra (Chondrex). Two weeks later, the mice were given intradermal booster injections of 100 μg CII in incomplete Freund's adjuvant (1:1, v/v; Chondrex).
Mice were monitored twice weekly for signs of arthritis based on paw swelling and arthritis scores. Clinical arthritis was scored on a scale of 0-4 (3). Each paw was graded, and the grades were summed to yield the arthritis score for each animal (maximum possible score, 16). Arthritis FACING PAGE Figure 1 . Therapeutic effects of BM-, AD-, and CB-MSCs in CIA. (A and B) The severity of arthritis, assessed by clinical arthritis scoring, was significantly lessened in mice treated with MSCs compared to untreated CIA mice. Mice were intraperitoneally injected daily with 1 × 10 6 BM-, AD-, or CB-MSCs for 5 days (A) or with 2.5 × 10 6 BM-, AD-, or CB-MSCs twice over a 3-day interval (B). (C) Histopathological evaluation and hematoxylin and eosin staining (middle rows) showed severe inflammation of hind legs and synovial proliferation with cartilage destruction in untreated CIA mice. B, bone; C, cartilage; JC, joint cavity; ST, synovial tissue. Fields shown in upper row of stained sections are shown at higher magnification in panels directly below. MicroCT analysis (bottom panel) showed severe bone erosion in untreated mice, with markedly less joint destruction in MSC-treated mice. Conditions indicated by numbers 1-9 are described at the bottom of the figure (n = 5 per each group). (D) MSC treatment significantly reduced inflammatory cell infiltration, synovial hyperplasia, and bone erosion 28 days after MSC final injection. (E) Immunohistochemical analysis showed that inflammatory cytokines IL-1b, IL-6, and TNF-a were highly expressed in the joints of untreated CIA mice. IL-1b, IL-6, and TNF-a staining were decreased in MSC-treated mice compared to untreated mice. Expression of these cytokines was less in BM-MSC-and AD-MSC-treated mice than in CB-MSC-treated mice. IL-10 expression was significantly induced in MSC-treated mice. All values are the mean ± SD. Scale bars: 200 um. *p < 0.05 versus untreated CIA mice. scoring was performed by two independent observers. Mice were randomly distributed to each treatment group (n = 5) at 1 week after the second booster injection of CII when arthritis scores were between 4 and 6. Mice with an arthritis score below 4 or one paw with an arthritis score of 4 at that time point were excluded from the experiment to minimize the variance of arthritis scores between groups.
Culture of BM-, AD-, and CB-MSCs
All frozen stocks of MSCs were provided at passage 1 by the Cell Therapy Center, Severance Hospital (Yonsei University, College of Medicine, Seoul, Korea) after being obtained with donor consent.
Adipose-derived (female, 32 years old), bone marrowderived (male, 41 years old), and cord blood-derived (female, 42 weeks full-term baby) MSCs were characterized by fluorescence-activated cell sorting (FACS) analysis for typical surface antigens: surface expression of CD29, CD44, CD73, CD90, and CD105 and absence of surface expression of CD45, CD34, CD14, and human leukocyte antigen (HLA)-DR. For FACS analysis, cells were incubated with fluorescent primary antibodies for 30 min. All antibodies were diluted 1:200. The labeled cells were analyzed using a BD LSRP (BD Biosciences, San Jose, CA, USA). To test the multipotency of the cells, MSCs were treated in adipogenic, chondrogenic, and osteogenic media (R&D Systems, Minneapolis, MN, USA) for 14 days following the manufacturer's protocol. Standard Oil red O (Abcam, Cambridge, UK), Alcian blue (Abcam), and von Kossa (Abcam) stains were used according to manufacturer's protocol to identify adipocyte, chondrocyte, and osteoblast cells, respectively (20,40).
Cells were plated at a density of 1 × 10 6 cells per 10-cm cell culture dish (BD Biosciences) with Dulbecco's modified Eagle medium (low glucose) supplemented with 10% fetal bovine serum, 1% glutamine, 1% nonessential amino acids, 0.01% 2-mercaptoethanol, and 1% penicillin-streptomycin (all from Invitrogen). MSCs were cultured at 37°C in an atmosphere containing 5% CO 2 , and the medium was changed every 3-4 days. All MSCs were cultured until passage 6, harvested, and stored in liquid nitrogen until use.
Histological and Immunohistochemical Assessments of CIA
At day 28 from final MSC injection, mice were anesthetized with a standard dose of Zoletil (Virbac, Carros, France) and Rompun (Bayer, Barmen, Germany) and euthanized for analysis. Formalin (10%; Merck & Co. Inc., Kenilworth, NY, USA)-fixed limbs were decalcified in EDTA (30%; Merck) for 4 weeks and embedded in paraffin (Merck) using standard histologic techniques. Serial 4-μm sections were cut and stained with hematoxylin and eosin (Sigma-Aldrich, St. Louis, MO, USA) to examine morphologic features and determine the histological arthritis score. Sections were evaluated histopathologically and scored for inflammatory cell infiltration, synovial hyperplasia, and bone erosion, according to previously published criteria (4).
For immunohistochemical analysis, paw and knee joint sections were prepared and incubated with specific antibodies directed against murine tumor necrosis factor-a (TNF-a; 1:500; Hycult Biotechnology, Uden, Netherlands), interleukin (IL)-1b (1:500; Santa Cruz Biotechnology, Santa Cruz, CA, USA), IL-6 (1:250; Santa Cruz Biotechnology), and IL-10 (1:1,000; Abcam) followed by horseradish peroxidase-conjugated secondary antibodies and staining with diaminobenzidine (Dako, Glostrup, Denmark). The antigen retrieval process was done by microwave oven heating and enzyme digestion using protease (Sigma-Aldrich) before the application of the primary antibodies (38).
Expression of markers in the synovial tissues of paw and knee joints was scored semiquantitatively on a 4-point scale (0-3) independently by two blinded observers, and the average scores were calculated (23).
Microcomputed Tomography (MicroCT)
All groups of mice were observed for 28 days after final MSC injection, sacrificed, and the legs were excised and fixed in 4% formalin for 2 days. The paws (from the tip of the toes to the end of the ankle) were scanned by NanoFocus Ray microCT scanner (Nano Focus Ray Inc., Chun-ju, Korea). Images were acquired at 80 kVp, 150 mA, and 5 s/frame with 360 views. The estimated radiation dose was approximately 6.9 mGy using image acquisition protocol and reconstructed into three-dimensional structures and evaluated using NFR Polarys software (Exxim Computing Corporation, Pleasanton, CA, USA).
Measurement of Inflammatory Cytokines
Serum levels of the inflammatory cytokines murine IL-1b, IL-6, interferon (IFN)-g, TNF-a, and IL-10 were determined using the Luminex multiplex cytokine assay FACING PAGE Figure 2 . Serum proinflammatory and anti-inflammatory cytokine and Treg levels. (A-E) IFN-g, IL-6, IL-1b, and TNF-a were significantly reduced in MTX-treated mice and all MSC-treated mice. IL-10 levels were significantly increased in all MSC-treated, but not in MTX-treated, mice. (F) Flow cytometric analysis showed that expression of CD4 + CD25 + FoxP3 + Tregs was significantly increased in lymph nodes of all MSC-treated, but not in MTX-treated, mice. (G and H) Quantitative analysis of CD4 + CD25 + FoxP3 + Tregs in lymph nodes (G) and spleen (H). The number of Tregs was slightly higher in the BM-MSC-treated group than in the AD-MSC-and CB-MSC-treated groups. Conditions indicated by numbers 1-9 are described below (n = 5 per each group). *p < 0.05 versus untreated CIA mice. Values are the mean ± SD.
(Luminex 200 System; Millipore, Billerica, MA, USA) according to the manufacturer's recommendations. The level of the cytokine transforming growth factor (TGF)-b was measured using a commercially available mouse TGF-b1 enzyme-linked immunosorbent assay (ELISA) kit (R&D Systems).
Separation of T Cells and Tregs by Flow Cytometry
Lymph nodes and spleens were collected from all experimental animals. Lymphocytes and splenocytes were obtained by mechanical shredding, collected in complete RPMI medium (Invitrogen), and pooled within each experimental group. T lymphocytes were isolated using a Pan T Cell Isolation Kit (Miltenyi Biotec, Bergisch Gladbach, Germany) by depletion of non-T cells. Tregs were stained with anti-CD4-phycoerythrin, anti-CD25-peridinin chlorophyll protein (BD Pharmingen, San Diego, CA, USA), and anti-Helios-allophycocyanin (BioLegend, San Diego, CA, USA). Cells were fixed and permeabilized with Fix/Perm buffer (eBioscience, San Diego, CA, USA) and stained with anti-forkhead box P3 (FoxP3)-fluorescein isothiocyanate (eBioscience). Cells were analyzed on a FACS Calibur flow cytometer using Flowjo software (Tree Star, Inc., Ashland, OR, USA).
Treg Suppression Assay
To measure the suppressive capacity of Tregs generated in the presence of MSCs, CD4 + CD25 + Tregs, and CD4 + T cells were isolated from spleens and stained with 5 mM carboxyfluorescein diacetate succinimidyl ester (CFSE; eBioscience). Anti-CD3/CD28 antibodies (5 μg/ ml; BD Biosciences) were suspended in RPMI-1640 (Invitrogen) supplemented with 10% fetal bovine serum (Invitrogen) as stimulator. CD4 + T cells were cocultured with CD4 + CD25 + Tregs at a ratio of 10:1 (1 × 10 5 CD4 + :1 × 10 4 CD4 + CD25 + ). Suppression of T-cell proliferation was measured by the reduction in the CFSE concentration using flow cytometry (FACS Caliber; BD).
Measurement of Immunoglobulin G Antibodies to Collagen Type II (CII)
Serum was collected from animals in each group of mice 28 days after final MSC injection and stored at −70°C until assayed. Serum anti-CII immunoglobulin G (IgG) levels were determined using a commercially available ELISA kit (Chondrex) according to the manufacturer's instructions.
Statistical Analysis
All values represent the mean ± standard deviation (SD). Statistical analysis of group differences was carried out using a one-way analysis of variance (ANOVA) test (SPSS 12.0; IBM, Armonk, NY, USA). A value of p < 0.05 was considered statistically significant after Bonferroni correction.
RESULTS
Therapeutic Effects of BM-MSCs, AD-MSCs, and CB-MSCs in CIA Mice
Treatment with each type of MSC attenuated the severity of arthritis significantly during the progression of CIA (Fig. 1A, B ). In particular, the clinical arthritis score of mice treated with 5 × 10 6 BM-MSCs decreased to approximately 50% of that of untreated mice. AD-MSC-and CB-MSCtreated mice also showed a decrease in clinical arthritis scores, but to a lesser extent than seen in BM-MSC-treated mice. No statistically significant difference was observed in arthritis severity of mice treated with 1 × 10 6 MSCs daily for 5 days and those treated with 2.5 × 10 6 MSCs twice over a 3-day interval, suggesting that the injection schedule did not influence the outcome.
The inflammatory signs of arthritis, such as erythema or swelling, were marked in untreated CIA mice. Histological analysis of the knee joints revealed severe inflammatory cell infiltration, synovial hyperplasia, and bone and cartilage erosion, whereas these parameters were significantly reduced in all BM-MSC-, AD-MSC-, and CB-MSC-treated mice. The BM-MSC-treated mice showed the best therapeutic result of the three types of MSCs (Fig. 1C, D) . These results suggest that the three types of MSCs have therapeutic efficacy in CIA mice, comparable to that of MTX.
Three-dimensional microCT analysis showed severe cartilage destruction and bone erosion in untreated control mice, whereas MSC-and MTX-treated groups showed markedly less joint destruction (Fig. 1C) .
MSCs Reduced Expression of IL-1b, IL-6, and TNF-a and Increased Expression of IL-10 in Inflamed Joints of CIA Mice
Immunohistochemical analysis of paw and knee joint tissue in untreated CIA mice showed significant immunopositive staining for IL-1b, IL-6, and TNF-a that was localized primarily in synovium. IL-1b, IL-6, and TNF-a staining were decreased in MSC-treated mice compared to untreated mice. Expression of these cytokines was less in BM-MSC-and AD-MSC-treated mice than in CB-MSCtreated mice. IL-10 expression was significantly induced in MSC-treated mice (Fig. 1E) .
MSCs Decreased Serum Levels of We measured serum cytokines of all mice 4 weeks after MSC final injection. The inflammatory cytokines IFN-g, IL-1b, IL-6, and TNF-a were decreased in MTXtreated and all MSC-treated mice compared to untreated mice ( Fig. 2A-D) . In contrast, IL-10 levels were significantly increased in all MSC-treated mice, but not in MTX-treated mice ( Fig. 2E ).
Induction of Tregs Following Administration of MSCs in CIA Mice
Mice treated with BM-MSCs, AD-MSCs, and CB-MSCs had significantly higher numbers of CD4 + CD25 + FoxP3 + Tregs in both lymph node and spleen than control mice (Fig. 2F ). The number of Tregs was slightly higher in the BM-MSC-treated group than in the AD-MSCand CB-MSC-treated groups (Fig. 2G, H) . These results show that MSC treatment induced the generation of CD4 + CD25 + FoxP3 + Tregs in CIA mice.
BM-MSCs Suppressed the Severity of CIA in a Time-and Dose-Dependent Manner
According to our data, BM-MSCs had better therapeutic efficacy than the other types of MSCs. Thus, further experiments were performed to explore the mechanism of immune modulation by MSCs, treating the mice with two injections of 2.5 × 10 5 , 2.5 × 10 6 , or 2.5 × 10 7 BM-MSCs. To investigate dose-and time-dependent changes of arthritis severity in CIA mice after treatment, we assessed the clinical arthritis score and histopathological changes in the hindpaw joints of these mice.
BM-MSC treatment resulted in a significant reduction in clinical arthritis scores, indicating a strong therapeutic effect, in a dose-and time-dependent manner (Fig. 3A) . However, there was no significant difference in therapeutic outcome between treatment with 5 × 10 6 and 5 × 10 7 BM-MSCs. The decreases in inflammatory cell infiltration, synovial hyperplasia, and cartilage and bone erosion were less marked in mice treated with 5 × 10 5 BM-MSCs than in those treated with the two higher doses (Fig. 3B, C) . Treatment with 5 × 10 6 BM-MSCs ameliorated the inflammatory cell infiltration and synovial hyperplasia in a timedependent manner (Fig. 3D, E) .
Dose-and Time-Dependent Changes in Serum Cytokine Levels
To elucidate the mechanism underlying the reduction in severity of CIA in mice treated with BM-MSCs, we examined levels of proinflammatory and anti-inflammatory cytokines in mice 4 weeks after BM-MSC final injection.
The proinflammatory cytokines IFN-g, IL-6, IL-1b, and TNF-a were significantly decreased in mice treated with 5 × 10 6 and 5 × 10 7 BM-MSCs and MTX, but not in mice treated with 5 × 10 5 cells (Fig. 4A-D) . In contrast, the levels of the anti-inflammatory cytokines IL-10 and TGF-b were significantly increased in 5 × 10 6 and 5 × 10 7 cells of BM-MSC-treated CIA mice, but not in MTX-treated mice. The increases in the levels of the anti-inflammatory cytokines were much smaller in mice treated with 5 × 10 5 BM-MSCs than in those treated with the two higher doses, and there was no significant difference in IL-10 and TGF-b levels between mice treated with 5 × 10 6 and 5 × 10 7 BM-MSCs (Fig. 4E, F) .
We also investigated the changes in cytokine levels at different time points after administration of 5 × 10 6 BM-MSCs. One week after treatment, no significant changes were seen in levels of any of the cytokines, with the exception of TGF-b, which, interestingly, was increased. However, 2 weeks after treatment, IFN-g, IL-6, IL-1b, and TNF-a were significantly decreased ( Fig. 4G-J) , and IL-10 and TGF-b levels were increased (Fig. 4K, L) . Clinical arthritis scores also began to improve at the 2-week time point.
Induction of Tregs by BM-MSCs in Mice With CIA
We investigated the proportion of Tregs in lymph nodes and spleen of CIA mice at different time points after administration of different doses of BM-MSCs. The induction of Tregs was significantly increased in lymph nodes ( Fig. 5A ) and spleen (Fig. 5B ) of mice treated with 5 × 10 6 and 5 × 10 7 BM-MSCs, compared to MTX-treated and untreated CIA mice (Fig. 5C ). Tregs were not elevated in mice treated with 5 × 10 5 BM-MSCs, suggesting that this dose is insufficient for induction of Tregs, whereas a dose of 5 × 10 6 cells is sufficient; no difference was seen between doses of 5 × 10 6 and 5 × 10 7 BM-MSCs. In addition, the induction of Tregs was significantly increased 2 weeks after treatment (Fig. 5D-F) , when the clinical arthritis scores began to improve and changes were seen in levels of the anti-inflammatory cytokines IL-10 and TGF-b.
Changes in Helios Expression and Treg Suppressive Activity by MSC Treatments
To identify the activity of Tregs induced by BM-, AD-, and CB-MSCs treatment, we investigated the expression of Helios, a transcription factor that is preferentially expressed by Tregs and binds the FoxP3 promoter region of Tregs in the mammalian immune system. Helios expression was significantly increased, consistent with the increased expression of FoxP3 4 weeks after BM-, AD-, and CB-MSC treatment (Fig. 6A) . We also assessed the functionality of Tregs using an in vitro Treg IL-6, TNF-a, and IL-1b were significantly decreased in mice treated with 5 × 10 6 and 5 × 10 7 BM-MSCs and MTX, but not in mice treated with 5 × 10 5 cells. Levels of IL-10 and TGF-b were significantly increased in 5 × 10 6 and 5 × 10 7 cells of BM-MSCs treated CIA mice, but not in MTX-treated mice (1 = wild type, 2 = CIA untreated, 3 = MTX treatment, 4 = BM-MSC 5 × 10 5 , 5 = BM-MSC 5 × 10 6 , 6 = BM-MSC 5 × 10 7 ). (G-L) Levels of IFN-g, IL-6, TNF-a, and IL-1b were decreased, while levels of IL-10 and TGF-b were increased, 2 weeks after treatment with 5 × 10 6 BM-MSCs. Interestingly, increased levels of TGF-b were observed 1 week after treatment. Values are the mean ± SD. *p < 0.05 versus untreated CIA mice (n = 5). suppression assay. Tregs showed potent suppressive activity, through inhibition of T-cell proliferation in each MSCtreated group compared to untreated CIA mice (Fig. 6B) ; these increases were slightly higher in Tregs induced by BM-MSCs than those by AD-MSCs and CB-MSCs. Helios expression and inhibition of T-cell proliferation were observed slightly higher in the BM-MSC group.
To identify the activity of Tregs induced by AD-, BM-, and CB-MSC treatment, we investigated the expression of Helios, a transcription factor that is preferentially expressed by Tregs and binds the FoxP3 promoter region in Tregs in the mammalian immune system. Helios expression was significantly increased, consistent with the increased expression of FoxP3 4 weeks after AD-, BM-, Figure 6 . Helios expression and Treg suppressive activity. (A) Levels of FoxP3 + Helios + Tregs were increased 28 days after treatment with 5 × 10 6 BM-, AD-, and CB-MSCs, compared with untreated CIA mice (n = 5 per each group). (B) Treg suppression assay showed Treg suppressive activity in BM-, AD-, and CB-MSC-treated mice compared to untreated CIA mice. The red line represents the Tregonly group, and the blue line represents the proliferation of CD4 + T cells (n = 5 per each group). CFSE, carboxyfluorescein diacetate succinimidyl ester. and CB-MSC treatment (Fig. 6A) . We also assessed the functionality of Tregs using an in vitro Treg suppression assay. Tregs showed potent suppressive activity through inhibition of T-cell proliferation in the AD-, BM-, and CB-MSC-treated groups compared to untreated CIA mice (Fig. 6B) ; however, these increases were slightly smaller than those induced by BM-MSCs.
Dose-and Time-Dependent Change in Anti-Collagen II IgG (IgG-CII) Titer in BM-MSC-Treated CIA Mice
Serum IgG-CII levels in mice were measured 4 weeks after treatment with BM-MSCs to determine whether the treatment was associated with a change in the humoral immune response to type II collagen. Serum IgG-CII concentration was reduced in mice treated with 5 × 10 6 and 5 × 10 7 BM-MSCs and in MTX-treated mice (Fig. 7A) , and it was significantly decreased 2 weeks after treatment with 5 × 10 6 BM-MSCs (Fig. 7B) .
DISCUSSION
Several studies have reported on the therapeutic effects of allogenic or xenogenic MSC treatment in collagen-induced arthritis (CIA) mice, a representative animal model of RA (2, 17, 27) . However, others have failed to demonstrate such effects (5, 37) . Potential reasons for the discrepancies among these results include the following: source of MSCs (murine, syngeneic vs. human, allogeneic), tissue of origin (BM, AD, CB), timing of treatment, number of stem cells injected, route of injection (IV, IP, IA), and treatment regimen (a single injection of MSCs vs. daily injections for 5 consecutive days) (28). Therefore, we tried to find the best condition for clinical application of human MSCs for RA treatment. We compared the three types of human MSCs (BM-, AD-, CB-MSCs) and determined the optimal number of MSCs injected and the treatment regimen for the CIA model, which shares clinical, histological, and immunologic features with RA. Also, to explore the mechanism underlying immune modulation by MSCs in CIA, we examined the levels of proinflammatory and anti-inflammatory cyto kines and Tregs after MSC administration. To the best of our knowledge, there is no study directly comparing the difference in the anti-inflammatory effect among the three types of MSCs in vivo.
BM-, AD-, and CB-MSCs share a common phenotype (CD73 + , CD90 + , CD105 + , CD45 − , CD14 − , CD11b − , and CD34 − ) and can differentiate into adipocytes, osteoblasts, and chondrocytes. These three types of MSCs have an immunosuppressive effect mediated by soluble mediators such as indoleamine 2, 3-dioxygenase (IDO), nitric oxide (NO), prostaglandin E2 (PGE2), IL-10, TGF-b, hepatocyte growth factor (HGF), heme oxygenase-1, and human leukocyte antigen (HLA)-G5 (13). However, there is a difference in the amount of soluble cytokine receptors and the gene expression of paracrine factors between each of the MSCs (15, 18) . Soluble TNF receptor 1 and soluble vascular endothelial growth factor receptor 1 (VEGFR1) are highly expressed in . The mRNA expression of vascular endothelial growth factor-D (VEGF-D), IL-8, and insulin-like growth factor-1 (IGF-1) are significantly higher in AD-MSCs than in other MSCs (18). We demonstrated that the administration of BM-, AD-, and CB-MSCs reduced clinical arthritis scores, synovial inflammation and proliferation, and cartilage and bone erosion in CIA mice. The therapeutic effect of MSCs successfully lasted for 4 weeks after a onetime MSC administration, and the therapeutic efficacy of MSCs was comparable to that of MTX. Our results are consistent with those of previous studies demonstrating that human AD-MSCs (17) and human reduce the severity of experimental arthritis. We observed that BM-MSCs had a greater therapeutic efficacy than AD-MSCs or CB-MSCs in CIA in view of the severity of arthritis and histopathological evaluation. IL-1b, IL-6, and TNF-a were expressed less in BM-MSC-and AD-MSC-treated mice than in CB-MSC-treated mice for immunohistochemical analysis. Among the three types of MSCs, there were similarities in the amount of serum proinflammatory cytokines and anti-inflammatory cytokines. The number of Tregs was higher in the BM-MSCtreated mice than in the AD-MSC-and CB-MSC-treated mice, and Treg suppression assay showed that Tregs induced by BM-MSCs had stronger immunosuppressive activity than those induced by AD-MSCs or CB-MSCs.
As for clinical application, determining the optimal dosage of the MSCs is very important from the point of view of effort and cost. There has not been any report regarding the cell dose-dependent therapeutic effects of MSCs in CIA. Therefore, we investigated the dose-dependent therapeutic effect of MSCs. Although minimal therapeutic effects were seen with 5 × 10 5 MSCs, treatment with 5 × 10 6 cells was sufficient for the suppression of arthritis and the induction of Tregs. However, there was no significant difference between the cell number of 5 × 10 6 and 5 × 10 7 in their therapeutic effect and Treg induction on CIA.
Our study showed there is no difference in effectiveness between the two administration schedules (daily injection of 1×10 6 MSCs for 5 consecutive days vs. two injections of 2.5×10 6 cells over a 3-day interval). The effects of a one-time MSC treatment lasted for at least 4 weeks. As the number of MSCs delivered through the tail vein of mice is limited, we used an intraperitoneal injection method in our experiment. MSCs showed similar cell migration and therapeutic effect given by intravenous or intraperitoneal injection (28,30). Gonzalez et al. reported that the intra-articular injection of MSCs was less effective than the intraperitoneal route in CIA mice (17) , showing that the therapeutic effects of MSCs are not simply due to a direct effect in the joints. They confirmed the therapeutic effect was attributed by viable human MSCs, not by dead human MSCs, and also showed that the injection of human myoblasts and dermal fibroblasts had no therapeutic effects (17).
MSC treatment decreased expression of the proinflammatory cytokines IFN-g, IL-6, IL-1b, and TNF-a to the same extent as seen with MTX treatment. Specifically, MSCs significantly increased levels of the anti-inflammatory cytokines IL-10 and TGF-b and, unlike MTX, induced Tregs, suggesting different therapeutic mechanisms for MSCs and MTX. When the clinical arthritis scores began to improve, the levels of proinflammatory cytokines decreased, whereas the levels of anti-inflammatory cytokines and Tregs increased. MSC treatment was associated with increased levels of the anti-inflammatory cytokines IL-10 and TGF-b. These two are major anti-inflammatory cytokines from Treg cells, which play critical roles in the homeostatic regulation of the autoreactive T-cell repertoire and the induction of peripheral tolerance in vivo (24, 41) . The increase in IL-10 and TGF-b production suggests human MSCs may induce IL-10 and TGF-b producing mouse Tregs (33) that suppress inflammation in CIA mice. Interestingly, the increase in TGF-b levels was identified 1 week prior to that of IL-10 in BM-MSC-treated mice. Further study is needed to determine why TGF-b and IL-10 are expressed sequentially at different points of time. The MSC treatment of CIA mice strongly induced CD4 + CD25 + FoxP3 + Tregs within 2 weeks after treatment, suggesting that the immunomodulatory activity of the MSCs is sustained by the action of Tregs. Augello et al. reported that MSC viability is not required for the cells' long-term immunosuppressive action in CIA (2); MSCs were, in fact, detectable in the recipient for no more than 10 days after treatment. Cell-tracking experiments in that study showed that MSCs did not localize to the joints, suggesting that the clinical improvement observed was not due to the direct MSC repair of the joints (2). During this period, the MSCs were able to exert an immunosuppressive effect on other cells to inhibit the pathogenic immune reaction.
The therapeutic effect of MSCs in CIA might be related to Treg induction by MSCs. We demonstrated the induction of Tregs after MSC administration in a dosedependent manner and their immunosuppressive properties. For the induction of Tregs, 5 × 10 5 BM-MSCs were insufficient, whereas a dose of 5 × 10 6 cells was sufficient, suggesting that the number of injected MSCs is important for Treg induction. To confirm whether the induced Tregs after MSC treatment have immunosuppressive properties, we conducted a Treg suppression assay in a coculture system of CD4 + T cells from CIA mice and Tregs from MSCtreated mice. The inhibition of CD4 + T-cell proliferation by Tregs showed that MSCs induced immunocompetent Tregs in CIA. From the result of our study, Tregs induced by MSC have more immune suppression activity than those of untreated CIA mice. MSC therapy can reset the immune system by reducing the deleterious Th1/Th17 response and enhancing the protective Treg response. The ability of MSCs to generate de novo Tregs may be advantageous therapeutically when compared to neutralizing antibodies against single-cytokine signaling, in terms of both safety and efficacy (28) .
Recent studies of MSCs and their role in immune modulation show their potential for use in cell therapy (43, 45) . In this study, we used human MSCs in completely MHC-mismatched mice for evaluating the therapeutic effects of MSCs. Data show that MSCs are not rejected by the immune system, even after allogenic or xenogenic transplantation, because T cells do not recognize them. They express few or no class II MHC molecules or costimulation molecules, such as CD80 and CD86 (12, 34) . Data also show that allogenic MSCs might be functional in clinical settings (16, 26) . In animal models, human MSCs have been successfully used to ameliorate experimental autoimmune encephalomyelitis (44) and CIA mice (17, 27) , and therapy with human AD-MSCs prevented the recurrence of autoimmunity in lupus-prone mice (7). MSCs engraft and function across the barrier between species, which was confirmed in several different cross-species models (25). Considering the published data, our study using human MSCs for the treatment of CIA mice is justifiable upon these grounds.
Helios, a member of the Ikaros family of zinc finger transcription factors, is found at high levels in a subpopulation of Tregs (42) and plays an important role in Treg homeostasis. Helios is coexpressed in CD4 + FoxP3 + Tregs, which are pivotal to maintaining self-tolerance and preventing autoimmunity (1). Our data show that induction of FoxP3 + Helios + Tregs was significantly increased in MSC-treated mice compared to untreated CIA mice. It is still controversial whether Helios expression in human and murine Tregs can be used to discriminate between naturally occurring thymus-derived Tregs (nTregs) and peripherally induced Tregs (iTregs) that develop from naive T cells under different conditions (10). The question remains as to whether Tregs induced by MSC treatment are derived from nTregs or iTregs or activated by other soluble factors in CIA.
In this study, human BM-, AD-, and CB-MSCs significantly suppressed joint inflammation in CIA mice. The cells decreased proinflammatory cytokines and upregulated anti-inflammatory cytokines and induced Tregs. Our results show that the immune modulatory effect of MSCs was associated with Treg induction, consistent with the increase in anti-inflammatory cytokine expression in CIA. Therefore, our study suggests that the use of human BM-, AD-and CB-MSCs could be an effective therapeutic approach for RA. According to our data, BM-MSCs had a greater therapeutic efficacy than the other types of MSCs in CIA. Further studies investigating the immune modulatory mechanism of MSCs from a perspective of the interactions with other immune cells and secretomes are required for the development of RA treatment using MSCs.
